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I. INTRODUCTION

S
EMICONDUCTOR and digital electronics have led to many approaches for the design and construction of X-ray detectors for digital radiography [1] . In recent years, flat-panel X-ray detectors using hydrogenated amorphous silicon (a-Si : H) p-i-n diodes and thin-film transistors (TFTs) have been developed for chest radiography [2] . Portal imaging needs a device for verification of radiotherapy treatment fields, and many detectors have been developed [3] . Flat-panel detectors for this application also have been developed [4] , [5] . An a-Si : H p-i-n diode, which detects visible photons from a phosphor screen that is excited by X-rays, has a doped-intrinsic-doped structure (p-i-n) in which the i-layer constitutes most of the thickness (1 m) compared to the considerably thinner doped layers (50 nm). When a-Si : H diodes are used in medical imaging application, they absorb some amount of radiation dose during their lifetime. The radiation damage to the diode performance can be an important problem, especially in the high radiation field of portal imaging. If we assume the lifetime of a portal imaging device to be five years, the total accumulated absorbed dose may be up to 80 kGy, which is much higher than that of chest radiography. Generally, radiation damage means the change of device characteristics, such as the leakage current of a diode and the threshold voltage of a field effect transistor, resulting in a change of operating parameters or a nonrecoverable degradation. For photon-sensing diodes, the reverse-biased leakage current is the most important parameter determining the system performance (especially the signal-to-noise ratio). Before irradiation, the TFT switch is off to hold charge on a pixel for the frame time. Signal is read out by the difference of the voltage before and after irradiation. When the TFT switch is off, the voltage between diode electrodes would be decreased due to the leakage current of the diode. Increased leakage current due to radiation damage might decrease the effective dynamic range of the device. It is, therefore, necessary that the increase of leakage current induced by radiation damage should be tolerable at least to the absorbed dose levels anticipated during operation. For a-Si : H photodiodes, studies examining the effects of different forms of ionizing radiation were carried out [6] - [8] . Boudry et al. [8] studied radiation damage of amorphous silicon p-i-n photodiode using a Co-60 radiation source. They found a threshold dose below which the radiation has no discernible effect on the leakage current. However, the effects of a metal plate usually used in portal imaging have not been investigated. The direct absorption of megaelectronvolt photons in the film or in the electronic portal imaging device (EPID) contributes negligibly to the final image, and therefore a copper plate is usually placed on the top side to increase photon absorption in the detector. Megaelectronvolt X-ray photons generate energetic secondary electrons within a copper plate, and these electrons deposit their energy in a phosphor screen.
In addition all of the a-Si : H diodes tested were made by plasma-enhanced chemical vapor deposition (PECVD), which is the common method for fabricating a-Si : H diode. In the PECVD method, silane gas and other added gases for doping are decomposed by the plasma and grown on a glass substrate. p-and n-type a-Si : H layers can be obtained by adding dopant gases such as diborane (B H ) or phosphine (PH ). In this research, we used a different method to fabricate a-Si : H p-i-n diodes. The p-layer is formed by ion-shower doping instead of the conventional PECVD. The single pixel of a flat-panel detector consists of a diode and a TFT. When we fabricate TFT only as in active matrix liquid-crystal display (AMLCD) application, no p-doping is required. However, photodiode fabrication needs p-doping, which may contaminate the PECVD chamber resulting in increased number of bad pixels. Hence, we tried a different method of ion-shower doping to form the p-layer. The disadvantage of the ion-shower diode is a somewhat higher leakage current compared to the PECVD diode. However, this doping method is currently being developed, so we expect to lower the leakage current in the future.
The purpose of this study was to find out whether there are any different radiation effects between two types of diodes and to explore the effects of a copper plate on radiation damage. We will present the experimental results of the leakage current of two diodes as a function of absorbed dose with and without the presence of a copper plate. The leakage current at each absorbed dose was determined from the transient current measurements and room-temperature annealing was monitored for a month. To study the effects of the copper plate, a simple Monte Carlo simulation result will be discussed.
II. MATERIAL AND METHOD
A. Sample Preparation
Sample diodes are fabricated using thin-film technology, which is currently used in AMLCD industry (i.e., thin-film deposition and pattern etching). The process steps include deposition by PECVD, metal sputtering, thin-film coating, lithography, and etching. We made amorphous silicon p-i-n diode samples using four different masks, and each sample has a cross-sectional structure as shown in Fig. 1 . After Cr is deposited with a thickness of 150 nm on a glass substrate, 50 nm n-and 1000 nm i-layers are successively deposited by PECVD. Then, the 50-nm p-layer is formed by two different methods. One is PECVD and the other is ion-shower doping. The ion-shower doping is similar to plasma ion immersion implantation (PIII), in which the ion beam is extracted from the discharge chamber and irradiated onto the substrate, so it has nonmass selectivity and large-area implant capability. The ion-shower doping method differs from ion implantation in that grids are placed between the plasma source and substrate to extract and accelerate the ions from the plasma, instead of using a substrate bias [9] . In ion-shower doping, a boron-ion beam penetrates an intrinsic layer and forms a p-layer. So the intrinsic layer thickness becomes a little shorter, and the p-layer thickness is estimated to be 50 nm from the boron doping profile. Ohmic contacts to the sensor are formed by a 150-nm layer of chrome underneath the lower doped layer and by a 60-nm layer of the transparent conduction material, indium tin oxide (ITO), on top of the upper doped layer. Then films are etched in the sequence of ITO/p/i/n. Finally, silicon nitride passivation layer with a thickness of 450 nm is coated over the whole film, and contact metal is sputtered.
B. Radiation Damage Measurements
To investigate the radiation damage we used the Co-60 irradiation facility at the Korea Atomic Energy Research Institute (KAERI). Co-60 emits two photons of energies 1.33 and 1.17 MeV and is, therefore, a reasonable approximation to the radiation energies encountered in portal imaging. The facility consists of a 1 m 1 m planar Co-60 source of which activity is 9700 Ci as shown in Fig. 2 . The spatial distribution of dose rate was measured by Ceric-Cerous chemical dosimeters, and calibrated through IAEA-IDAS (International Dose Assurance Service) beforehand. At the center of the radiation field, the measured distribution data showed good uniformity within 5 cm 5 cm, which is the size of a sample substrate where diodes are deposited. We varied the absorbed dose to the diode by fixing the distance from source to sample and changing the irradiation time. The sample diodes were placed 5 cm from a source and the dose rate was measured to be 6 kGy/h.
The diode samples set up in two configurations were irradiated; configuration set #1 consisted of a diode and phosphor layer (Lanex™ fast-B, Eastman Kodak, USA) that was placed on top of the diode and configuration set #2 had an additional 1 mm copper plate on top of the phosphor layer. Table I shows the experimental sample sets.
and indicate PECVD and an ion shower, respectively. During the irradiation, the diodes were biased at negative 5 V, and the transient leakage currents of diodes were measured using an HP4155 semiconductor parameter analyzer between each irradiation interval. After a negative bias was applied, transient current showed decay or rise to an asymptotic value, and we defined it as a leakage current at that bias. Following the final irradiation, the room temperature recovery of diode current was monitored for 30 days. Fig. 3(a) presents the transient current measurements of an ion-shower diode at 5 V after radiation absorptions. At low dose, the leakage current behavior shows a monotonic decay with time to an asymptotic value after bias application. When a high dose is absorbed, the leakage current of a diode shows different behavior. It decays initially and then rises to a steady-state value. This behavior can be clearly observed at high negative bias in Fig. 3(b) . PECVD diode samples also behaved similarly to ion-shower diode samples. At high dose, the transient current shows an initial drop followed by a rise. However, it is not as clear as in the ion-shower diode. At low dose, the transient current monotonically decays to a steady-state value.
III. RESULTS
A. Experimental Results
The leakage currents of four sample diodes as a function of accumulated absorbed dose are shown in Fig. 4(a) and (b). Fig. 4(a) illustrates the comparison of leakage current of PECVD and ion-shower diodes as a function of absorbed dose when a copper plate is not present. It seems that a threshold dose of 15 kGy exists below which the increase of leakage current is much smaller. The rates of current increase are nearly the same 0.062 and 0.061 10 A/mm kGy for both diodes. However, the threshold value was not observed when a copper plate was placed on top of phosphor. In Fig. 4(b) , the leakage current seems to show a constant linear dependence from a zero dose. In this case, the rates of current increase are 0.089 10 A/mm kGy and 0.058 10 A/mm kGy for ion-shower and PECVD diodes, respectively.
After 40 kGy dose absorption, the leakage current of sample #1-S, #1-P, #2-S, and #2-P are 3.9 10 , 3.7 10 , 5.2 10 , and 4.5 10 pA/mm . These sample diodes were kept in a dark box and annealed at room temperature for a month. The results of leakage current annealing are illustrated in Fig. 5(a) . After 10 days of room-temperature annealing, the leakage current of samples #1-S, #1-P, #2-S, and #2-P were 2. 6 10 , 2.4 10 , 2.7 10 , and 3.0 10 pA/mm . The leakage current of diodes relaxes linearly for 10 days, after which the rate of relaxation decreased. The relaxation rate of the ion-shower diode with a copper plate is somewhat faster than the others. Fig. 5(b) shows that after room-temperature annealing, the transient behavior of initial drop and rise changes to monotonic decay. 
B. Monte Carlo Simulation Results
For a medium exposed to a Co-60 source, the delivery of energy to the medium can be thought of as a two-step process. The first step is a Compton scattering between the primary photons and the electrons in the medium. Such interactions produce free electrons which are largely scattered in the forward direction. The second step is the energy transfer of secondary electrons to the medium via displacement and ionization. To find out the difference of secondary electrons in two configurations, we did a Monte-Carlo simulation using a MCNP code [10] . This simulation did not consider a real device, and models the device simply as much as possible. The diode was assumed to be bulk silicon and other components such as ITO and SiN layers are neglected. The phosphor screen (Gd O S : Tb) was assumed to be a homogeneous mono-layer. We used 3.67 g/cm for density, considering a polyurethane polymer-binder and small air pockets within a realistic phosphor layer [11] - [13] . It was hard to quantify the damage spatially in axial direction, and only the qualitative effect was investigated. Simulation results of secondary electron flux into the diode are presented in Fig. 6 when a single photon enters the copper plate in configuration #1 and the phosphor screen in #2. At the high energy region above 0.9 MeV, the electron flux of both set #1 and #2 is same, however at below 0.9 MeV, set #1 has higher flux than #2. Simulating two million photons of 1.33 and 1.77 MeV, we find that the averaged energy deposited in diode is 3.2247 eV when a single photon enters the copper plate in set #2 and 2.3912 eV when it enters the phosphor screen in set #1. The copper plate increases the energy deposited in the diode by 35%, and this deposition is expected to occur near the surface.
IV. DISCUSSION
Amorphous silicon has many defects within the bandgap and these defects are strongly related to the leakage current. The current decay in Fig. 3(a) is due to the release of excess charge trapped in metastable defect states while the steady-state current is maintained by the thermal excitation of electrons from the valence band to the conduction band. The magnitude of the leakage current is linearly related to the number of defects in the bandgap [14] . If a junction has a high potential barrier and a small number of defects, the injection current increase is smaller than bulk generation. However, if the number of defects near the p-i interface increases beyond a certain amount, the injection current can become more dominant over bulk generation current [15] . High injection current behavior of an initial drop and rise, such as was seen in Fig. 3(b) , was observed in the earlier reports for the p-i-n diode [14] and the Schottky diodes [15] .
When radiation is absorbed, defects are created within the diode and increase the current. When defects are created, bulk thermal generation and p-i injection current both increase. The threshold is closely related to the rate of current increase. However, linear dependency seems to be weaker at low dose than at high dose. As absorbed dose increases, the injection current increases more than the bulk generation current. The leakage current increase is thus dominated by the increase of the injection current after a threshold dose is absorbed. When a copper plate is present, Monte Carlo simulation suggests that more secondary electrons are generated. These electrons transfer more energy to the surface and create more defects. Megaelectronvolt photons have a large absorption length in silicon, and their damage is therefore expected to be uniform within the diode, while electrons have a shorter absorption length and should thus be absorbed preferentially in the top layer of the device. These additional defects created near the junction make the injection current higher at low dose and this results in the observation of no threshold value.
We found that the PECVD and ion-shower diode show the same behavior of leakage current when radiation-absorbed. When a copper plate is placed on the top of the phosphor, the increase of leakage current is somewhat faster than in an ion-shower diode. This high rate seems to be an intrinsic feature of the ion-shower diode. The main difference between the PECVD and ion-shower diodes is the p-i junction property. Secondary ion mass spectroscopy (SIMS) measurements were performed to investigate the junction property before irradiation. The SIMS measurements are presented in Fig. 7 . Boron concentration is quantized accurately using a reference boron sample. However, silicon concentration is not quantized and silicon measurements in Fig. 7 indicate just a count number of secondary ions. Near the p-i interface, the boron concentration of an ion-shower diode approximates the Gaussian distribution that usually appears in the dopant profile of ion implantation. The Gaussian boron profile makes the Fermi level move close to the center of the bandgap and the potential barrier lower near the interface, as in Fig. 8 . This increases the thermal-enhanced injection and hopping current. This may explain why the rate of injection current seems to be higher in an ion-shower diode.
If diodes are annealed at room temperature, the leakage current recovers to its original value, usually within 10 days. The recovery rate of the ion-shower diode with a copper plate is somewhat faster than the others. Because the more defects are created near the p-i interface in this case, the injection current of the ion-shower diode seems to recover faster as defects are annealed.
In radiation therapy, an imaging device is conservatively exposed to dose rate up to 10 Gy/h. The largest yearly dose may reach 20 kGy if we assume 8-h operation a day for 250 days. In that case, the leakage current is about 1.5 times higher in the diode with a copper plate. In normal use, the device is annealed at room temperature during a half day, and therefore the increase is expected to be somewhat lower. After five years, the leakage current might be five times higher and decrease the whole system performance, although it also depends on the aging effects of other components. However, if dummy pixels are fabricated in the corner of the detector and their leakage current is monitored periodically to calibrate the output data, we can obtain reliable data practically. If we want to use a flatpanel detector for chest radiography imaging, the absorbed dose is much lower than that of therapeutic application, so it does not matter what kind of diode is used. If we want to use the flat-panel detector for portal imaging, the diode made by conventional PECVD has an advantage over an ion-shower diode because of its relatively good junction properties. As radiation damage properties often have significant sample-to-sample and run-to-run variations, it is not valid to assume that all arrays of this type will have identical properties.
V. CONCLUSION
We performed experiments to investigate the radiation damage to the leakage current of a-Si : H diode made by PECVD and ion-shower doping, and studied the effect of a copper plate used in portal imaging. The damage effects seem to be similar for both diodes. Leakage current shows linear dependence on the absorbed dose. When a copper plate is present, as in portal imaging, leakage current as a function of absorbed dose shows no threshold dose. However, 15 kGy of threshold was observed in a diode without a copper plate. The rates of injection current and bulk current increase with dose are different, and the rate of injection current increase is higher. Thus, there exists a threshold dose after which the leakage current increase is dominated by the increase of injection current. Monte Carlo simulation shows that the copper plate used in portal imaging generates more secondary electrons, which transfer more energy to the surface as they travel through. Defects generated near the p-i interface make the injection current increase faster, which results in the observation of no threshold. The annealing study indicated that most defects are recovered within 10 days. If we want to use a flat-panel detector for portal imaging, the diode made by conventional PECVD has an advantage over an ion-shower diode because of its relatively good junction properties. However, if we calibrate the current periodically, it does not matter what kind of diodes are used.
